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A B S T R A C T
We describe a novel method for electron-beam nitriding of metal (titanium) under medium (fore-vacuum)
pressures (2–8 Pa) of nitrogen. Titanium sample was heated by a dc electron beam generated by a fore-vacuum
plasma-cathode electron source with current up to 100mA and energy up to 8 kV; this beam also generated
beam-produced plasma with active nitrogen atoms, ions and other reactive species near the sample. SEM che-
mical composition analysis of the nitride layer have shown the presence of approximately 25wt% of N, wt. 68%
of Ti and only wt. 6% of O atoms within the processed layer. The X-ray diffraction spectrum of the nitride sample
showed that the modified layer has a crystalline structure predominantly orientated along the crystallographic
directions (111), (200), (220), characteristic of δ-TiN with a face-centered lattice. Besides the δ-TiN phase, there
are present in the nitrided layer a γ phase of Ti2N (tetragonal nitride) with predominant orientation (200). These
results show the advantage of using forevacuum sources for electron beam and plasma nitriding of metals.
1. Introduction
Nitriding of metals is a widely known technique for enhancing the
operating properties of materials in engineering [1–3]. There are
commonly used three types of nitriding: gas nitriding [1], salt bath
nitriding [2], and plasma nitriding [3]. Among these types of nitriding
processes, plasma nitriding has the advantage of being technologically
short-timed, environmentally pollution-free, and low gas- and energy-
consuming [4]. These features promote the wide use of plasma nitriding
for improving hardness, corrosion and wear resistance of various types
of steel [5,6] and titanium [7].
Direct current plasma nitriding (DCPN) has been industrially used
for the last 40 years [6]. This method does not have the shortcomings of
gas and liquid nitriding. Nevertheless, with a glow discharge, the pro-
cessed sample is a part of the glow discharge cathode at high voltage (of
the order of 600–700 V). This can damage the surface because of arc
formation, as well as overheat sharp edges leading uneven nitriding of
the surface layers [3,6]. A method of active screen plasma nitriding
(ASPN) is being developed lately [3,4,6]. The nitriding workpiece is
placed at floating potential inside a perforated hollow screening elec-
trode made of the same material as the sample, which serves as cathode
of the glow discharge generated between it and the vacuum chamber.
This approach bypasses the disadvantages of the DCPN method while
preserving (and in some regimes improving) the operating properties of
the nitrided samples.
However, the ASPN nitriding method, as well as DCPN, is char-
acterized by a long nitriding process time (4–12 h), with a typical ni-
trided layer thickness of 10 μm. Also, in ASPN, the dimensions of ni-
triding samples are limited by the size of the grid. In addition, since
heating of the nitriding sample occurs due to thermal radiation of the
mesh screen, most of the input power is consumed inefficiently. An
additional disadvantage of the ASPN method is sputtering of the screen,
which limits its lifetime and leads to sometimes undesirable deposition
(in case of mismatching) of its material on the sample to be nitrided.
Another alternative method, basically free of these drawbacks, is
electron beam plasma nitriding (EBPN) [8–12]. The authors of [8] used
the electron beam as a beam plasma generator. The processed samples
were placed in direct vicinity of the electron beam at negative voltage
(−350 V). The samples were heated up by an external source and the
vacuum chamber was filled with an argon-nitrogen mixture at a pres-
sure of 21.3 Pa. Using the electron beam plasma, they achieved an in-
crease of the micro-hardness of AISI 316 steel by several factors. In Refs.
[9–12], the electron beam was used to both generate plasma and heat
the sample. The authors kept the sample temperature at the required
level through variation of the beam parameters. The pressure of the
argon‑nitrogen mixture was 0.1–1 Pa and the accelerating voltage was
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hundreds of volts. The authors succeeded to achieve improved hardness
of the sample surface layers, which, as in Refs. [6, 8, 11], was attributed
primarily to the presence of atomic nitrogen near the processed work-
piece because the nitriding process was carried out with the electron
beam energy close to the nitrogen molecule dissociation maximum by
electron impact (60–140 eV). Despite indirect confirmation of this
conjecture (color change and increased hardness of the sample), no
mass-to-charge or optical measurements of the beam plasma ions were
conducted.
Forevacuum electron sources with plasma cathodes [13], operating
in the medium vacuum range of pressure 1–100 Pa [14], enable suc-
cessful processing and sputtering not only of conductive materials
[15,16] but dielectrics as well [17,18]. Such possibility arises from the
fact that negative charge accumulated on the surface of the dielectric is
compensated by the plasma ions generated when the electron beam
propagates through the inert or active gas medium. The use of for-
evacuum sources for nitriding has an important advantage: the possi-
bility to independently vary the current, beam energy, and gas pressure
enables one to establish the required temperature regime for the ni-
triding workpiece without using any additional bias power supply or
heating. The range of working pressure and parameters of the electron
beam (current and voltage) applied during irradiation of metallic
samples (for example, titanium and various kinds of stainless steel) can
significantly affect the nitriding layer parameters. One should expect
here that increased forevacuum gas pressure (several to tens of pascals)
will be lead to intensification of the nitriding process in the electron
beam plasma.
The purpose of this work was to investigate the possibility of ni-
triding titanium in the electron beam plasma generated by a for-
evacuum electron source under direct irradiation of the titanium
sample by the electron beam; and to characterize the modified surface
layer by studying the mass-to-charge composition of the beam plasma
ions, tribological properties, micro-hardness, X-ray and elemental
analysis of the nitrided surface.
2. Experimental setup
2.1. Electron source
The electrode system of the plasma electron source used in the ex-
periments is shown in Fig. 1.
The electron beam gun consists of an electron optical column
(Fig. 1), which includes cathode, anode, extractor, focusing and cooling
systems. The upper section of the column contains hollow anode 1, with
a water-cooling jacket, and further down a cooled anode 2. The cathode
and anode are made of stainless steel. The anode-cathode discharge gap
is bridged by a standard high voltage insulator 5. To stabilize the
plasma boundary and prevent it from “dumping out” to the accelerating
gap, we used a 1mm thick perforated plate 3 (emission electrode) made
of tantalum. The anode is attached to the extractor flange through the
high voltage insulator of the accelerating gap (the space between the
emission electrode and the extractor). Extractor 4 (the accelerating
electrode) is detachable, made of stainless steel and has a conical shape.
The extractor is cooled by the running water to provide optimal tem-
perature when operating in continuous mode. An electromagnetic fo-
cusing system 7 is used to focus the electron beam. The focusing coil is
made of copper wire wound around a stainless steel frame. The main
operating parameters of the source are given in Table 1.
2.2. Experimental parameters
The experimental setup used for nitriding of titanium is shown in
Fig. 2. The plasma source 1 was mounted on the vacuum chamber
flange 8. The plasma electron source was fed by constant voltage
sources connected to the discharge and accelerating gaps. On applying
a discharge voltage between anode and cathode, a glow discharge
started to burn. Electrons were extracted through a perforated plate. In
the anode-extractor gap, upon applying accelerating voltage Uacc, the
electrons were accelerated and initial formation of the beam occurred.
The formed electron beam entered the magnetic field of the short-focus
magnetic coil where its formation was finalized. Along its way to the
processed sample, the electron beam ionizes the gas in the working
Fig. 1. Electrode system of the electron source: 1 – cylindrical hollow cathode; 2 – anode; 3 – perforated plate (emission electrode); 4 – extractor; 5, 6 – ceramic high
voltage insulators; 7 – electromagnetic focusing system.
Table 1
Electron source operating parameters.
Operating mode Continuous
Discharge current Up to 1 A
Accelerating voltage Up to 20 kV
Beam current Up to 300mA
Beam diameter at a distance not
exceeding 30 cm from the focusing
system
5–10mm
Maximal achievable electron beam power 6 kW
Working gas Residual atmosphere, helium, air,
oxygen, nitrogen, argon, and others
Working gas pressure 1–30 Pa – optimal
100 Pa - maximal
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chamber and produces the beam plasma. The electron beam interacting
with the sample surface heats it up.
The working chamber was first pumped out to a pressure of
5 · 10−3 Pa, using a turbomolecular pump nEXT300D with a speed of
300 l/s, followed by nitrogen injection to a pressure of 8 Pa. During the
nitriding process, the beam current and the accelerating voltage were
respectively 100mA and 6 kV, and the process duration was 75min.
The sample temperature was monitored by a remote Raytek optical
pyrometer and was 900 °С.
Since increased hardness of the surfaces of the worked pieces is
considered to be related to the presence of atomic nitrogen, we carried
out mass-to-charge analysis of the constituents of the beam plasma ions
in order to determine optimal parameters of the electron beam for ni-
triding. Investigation of the mass-to-charge composition of the beam
plasma ions was conducted using a modified mass-to-charge quadru-
pole analyzer of residual atmosphere RGA-100 with aperture located in
the direct vicinity of the nitriding sample. The measurement details and
analyzer design are discussed in [19]. Since the nitriding process sug-
gests long and intense heating of the sample, and hence, of the nearby
region, the analyzer was removed during the process to prevent damage
to the mass-separator sealing and insulators.
2.3. Sample
For the sample we used sheet titanium BT1-0, 4mm thick, of which
an element of size 10× 10mm was cut out. The side of the sample
subject to electron beam irradiation was polished by abrasive paper,
and before being installed in the vacuum chamber, wiped with ethanol.
The sample was mounted on a tantalum crucible and was electrically
grounded.
2.4. Equipment and techniques used to study the modified layer
The surface and cross-section microstructure, nitride layer thickness
as well as the sample chemical composition, were studied using a
Hitachi S3400N scanning electron microscope equipped with a Bruker
X'Flash 5010 energy-dispersion microanalyzer.
X-ray phase analysis (XPA) of the modified layer was performed
using a Shimadzu XRD-6000 diffractometer with monochromatized Cu
Kα radiation in gliding beam geometry. Phase analysis was done using
the database PDF 4+ and software for full profile analysis POWDER
CELL 2.4. The XPA is based on X-ray diffraction on the crystal lattice of
the studied material. Applying the XPA method to the sample under
study, we determined the phase composition, dimensions of the co-
herent scattering regions (CSR), lattice parameters and lattice de-
formation (Δd/d) of the formed layer.
Tribological characteristics at room temperature were measured
using a tribometer. The tribometer used the ball-on-disk measurement
technique. The tested sample is subject to a load of 2 N from a spherical
tip. The tip is installed on a rigid lever, which is in fact a frictionless
force sensor. The tip was made of tungsten carbide. The friction coef-
ficient was determined during the tests by measuring the deflection of
the elastic lever. The wear of material is determined by measuring the
track left during the test. The wear parameter V, indicative of the rate of
wearing, is determined by the formula V=2πRA / FL, where R is the
track radius, μm; A is the cross-section area of the wear slot, μm2; F is
the exerted load, N; L is the length of the ball's path, m.
A Leika VMHT Mot micro-hardness tester with Knoop indenter was
used to measure Knoop hardness (HK). The indenter exerted a load of
5–50 g on the coating surface for a duration of 7 s.
3. Results and discussion
It is known that mainly nitrogen atoms play the leading role in ion-
plasma nitriding of metal samples [20]. Therefore, using the modified
RGA-100 designed to analyze mass-to-charge ratios of plasma ions, we
were able to monitor the fraction of nitrogen atoms in the plasma as-
suming that the fraction of nitrogen atomic ions is directly proportional
Fig. 2. Experimental setup: 1 – electron source; 2 – infrared pyrometer; 3 – vacuum sensor; 4 – electron beam; 5 – beam plasma; 6 – tantalum crucible; 7 – titanium
sample; 8 – section view of the chamber walls.
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to the fraction of neutral nitrogen atoms. Fig. 3 shows the signal in-
tensity ratio of nitrogen atomic to molecular ions depending on the
experimental parameters (pressure, beam current, and the accelerating
voltage). Fig. 3 demonstrates that with increasing pressure the fraction
of atomic nitrogen ions in the beam plasma grows practically linearly.
An increase of the beam current in the interval from 30 to 100mA also
leads to an increase of the concentration of atomic nitrogen ions by
almost two times. With increase of accelerating voltage in the range
500–1000 V, there is observed a sharp decrease of the number of atomic
nitrogen ions. Further increase of the accelerating voltage, and hence of
the beam energy, practically has no effect on the fraction of atomic or
molecular nitrogen ions. The observed trends can be explained by ex-
amining the cross-sections of the most active reactions in the plasma
that result in the production of atomic and molecular nitrogen ions by
the accelerated electron beam (Table 2).
It follows from Table 2 that the reaction cross-sections leading to
generation of molecular ions (Reaction 1) dominate, both for low and
high beam energies. However, at small beam energies (near the max-
imum of the ionization cross-section for 100 eV and below), the role of
dissociation (Reaction 2) dramatically increases and results in increased
generation of atomic nitrogen and its ionization (Reaction 3). This fact
can explain the high ratio of N+/N2+ at low energies observed in Fig. 3.
With increasing beam energy, the cross-section for dissociation of mo-
lecular nitrogen by electron impact drops sharply [22]. This explains
the decline in the ratio of N+/N2+ with increasing beam energy up to
2000 eV. Increase of the N+/N2+ ratio with increasing gas pressure is
most likely connected with increased intensity of inelastic scattering of
electrons on molecules at higher gas pressure. This results in a lower
average energy of the electron beam, which, again, leads to increased
dissociation and the growth of the fraction of atomic ions. Thus, it
follows from Fig. 3 and Table 2 that the most effective way of gen-
erating atomic nitrogen by the electron beam in forevacuum is a mode
with low beam energy (500–1000 eV) at a high gas pressure (7–10 Pa).
However, in order to ensure sufficient temperature for the nitriding
process in the present experiment, the accelerating voltage was in-
creased to 6 kV; at this, the sample temperature reached 900 °С.
By recording the X-ray characteristic radiation with the help of the
scanning electron microscope (SEM), we determined the chemical
composition of the cut of the modified layer (Fig. 4).
The prevailing elements are titanium and nitrogen with the pre-
sence of oxygen and a small quantity of carbon, though the total con-
centration of the latter two does not exceeds 6.2 wt%. Small quantities
of oxygen and carbon contained in the modified layer are due to their
presence in the near-surface layer of titanium and, as shown in [25],
such quantities do not degrade the nitrided layers. The modified layer
thickness was 8 μm for a duration of the nitriding process of 75min.
The X-ray structural analysis did not reveal any presence of carbide
phases (Fig. 5). However, there were detected oxide phases corre-
sponding to TiO2 and Ti2O3 (Fig. 5 and Table 3). According to the small
percentage of oxide phases, the oxide takes up an insignificant part of
Fig. 3. Dependence of the ratio of atomic to molecular nitrogen ions on the
experimental parameters.
Table 2
Some reactions producing atomic and molecular nitrogen ions and their cross
sections.
Reaction Cross-section (10−20 m2) at the electron
energy
Ref.
100 eV 500 eV 2000 eV
1 e+N2=N2++2e 2.615 1.428 0.521 [21]
2 e+N2=N+N+e 1.9 0.3 0.09 [22]
3 e+N=N++2e 1.58 0.826 0.3 [23]
4 e+N2=N++N2++3e 0.7 0.3 0.02 [24]
Fig. 4. Results of SEM measurements.
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the sample volume and comes from its presence on the original surface.
The results of X-ray structural analysis completely corroborate the SEM
data.
According to Fig. 5, the modified layer has a crystalline structure
predominantly orientated along the crystallographic directions (111),
(200), (220), characteristic of δ-TiN with a face-centered lattice. The
intensity peaks (110), (311) и (222) are manifested weaker. Besides the
δ-TiN phase, there are present in the nitrided layer a γ phase of Ti2N
(tetragonal nitride) with a predominant orientation (200). Other phases
are weakly manifested. The reflections of the main peaks of δ-TiN
(111), (200) are narrow and the size of the crystal grains are on a level
of 89 nm, which testifies to large residual stress in the formed layer. In
addition, as shown in [26], titanium nitride with the predominant or-
ientation (200) has improved mechanical properties.
The results of tribological investigations (Figs. 6 and 7) showed that
the modified layer of titanium nitride and the surface of the original
sample had a friction coefficient whose average values were μ=0.436
(Fig. 6) for titanium and μ=0.495 (Fig. 7) for the modified layer. From
the cross-sectional area of the wear track (Figs. 6 and 7), we calculated
the wear parameter V, indicative of the rate of wearing, for the original
titanium sample and for the modified layer of titanium nitride. Its
magnitude for titanium (1.6 · 106 μm3/N·m) was several orders of
magnitude larger than that for the titanium nitride layer (4.1 · 103 μm3/
N·m).
The latter value is typical for conventionally-formed TiN layers (the
wear parameter is greater than 3000 μm3/N·m). These indices allow one
to expect a longer service life of titanium parts nitrided by the electron
beam in forevacuum. It is worthy to note that the hardness of the ni-
trided layer (2150 HK) has increased practically by ten times as com-
pared with the hardness of the original Ti surface (225 HK).
4. Conclusion
We have demonstrated the possibility of nitriding of titanium in an
electron beam plasma by direct electron beam irradiation from a for-
evacuum electron source. The energy-dispersion spectra of the nitrided
layer testify to the prevailing presence of titanium and nitrogen with
Fig. 5. X-ray diffraction spectrum.
Table 3


















Fig. 6. Tribological investigation of the original titanium surface: a) friction coefficient as a function of testing parameters; b) photo of the wear track on the surface
of the sample, c) cross-sectional profile of the wear track.
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insignificant traces of carbon and oxygen. The X-ray structural analysis
revealed the polycrystalline structure of the nitrided layer with pre-
dominant orientation along the crystallographic directions (111),
(200), (220), characteristic of δ-TiN with a face-centered lattice.
Hardness and tribological studies of the surface layers showed small
values for the coefficient of friction and a multiple increase of wear and
hardness of the nitrided surface as compared with the original titanium
sample. The obtained results demonstrate the possibility of using the
forevacuum sources for beam plasma nitriding of metals.
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